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Abstract
Carbon capture and storage (CCS) is a potential means of mitigating the contribution of the green house gas 
emissions from the fossil fuel usage to the global warming. Post combustion CO2 capture via amine absorption is one 
of the most matured techniques to comprehend the goals of CCS. A Dynamic model of an amine based post 
combustion capture plant including the absorption and stripping towers is developed in order to contribute in the 
journey from the lab scale towards the industrial scale capture plants. The dynamic model is validated against the 
literature data. The capability of the model to predict the dynamics of a post combustion CO2 capture unit is analyzed 
via a possible scenario of a real plant.
© 2013 The Authors. Published by Elsevier  Ltd.
Selection and/or peer-review under responsibility of GHGT
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1. Introduction
Post combustion CO2 capture via amine absorption is considered to be one of the most matured
techniques for the removal of CO2 from the exhaust gas of power plants. The amine absorption 
technology has been tested in lab-scale and pilot plant scale for many years and has been scaled-up to 
demonstration plant level in the recent past. Due to the applicability in already existing industry and 
strong research background (on physiochemical properties, thermodynamics and etc) available to date, 
research and development in the area of amine based CO2 capture is of interest for many researchers. 
Modeling and simulation of the post combustion capture process provides good insight into the process 
and helps testing the feasibility of the novel techniques towards real application.
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Steady state models of the CO2 absorption-desorption (absorption-stripping) process has been the 
interest in the early stages of the research, where equipment design and optimization was the main focus. 
As the technology is moving forward from lab scale to pilot plant and demonstration plant level, dynamic 
models are becoming more and more important as these can provide more information than what a steady 
state model is capable of. Further, the dynamic models are vital for improving the capture processes.
A number of studies have been published on dynamic model development and simulations of the 
chemical absorption based CO2 capture plants. Kvamsdal et al. [1], Lawal et al. [2] and Jayarathna et al. 
[3] have presented the development and simulation of the absorption tower only. In the publication by 
Kvamsdal et al. [1] they have not included the heat of vaporization of MEA in their simulations. In the 
publication by Lawal et al. [2], CO2 has taken as the only volatile specie and a constant ratio has been 
used for calculating the wetted area of the packing. Development and validation of a dynamic model for a 
CO2 capture plant on pilot plant scale has been published by Lawal et al. [4]. In this publication, they have 
expanded the work related to the absorption tower [2] to cover the total capture plant. Development of a 
dynamic model of a capture plant for use in a non-linear model predictive control scheme is presented by 
Prölß et al. [5]. Their model is implemented in Modelica and the development is done assuming reaction 
equilibrium in the liquid phase, no presence of MEA in the vapor phase and constant liquid hold-up in the 
packing. Billiyok et al. [6] have presented and validated a dynamic model for a post combustion CO2
capture plant using dynamic data, while all the other models have been validated against steady state data 
from literature. Further, the majority of the existing models have used complex thermodynamic models,
which increases the complexity of the models, while Jayarathna et al. [3] have used simple 
thermodynamic models to ensure low computational cost.
In the absorption tower model presented by Jayarathna et al. [3], the Kent-Eisenberg model [7] is 
used to introduce the simple thermodynamics instead of much complex models like e-NRLT [8]. Use of 
models like e-NRTL is important in steady state models used in tasks like equipment design where more 
accurate thermodynamics are needed.  
The present work includes a dynamic model covering both the absorption and stripping towers, 
which is an extension of the work by Jayarathna et al. [3]. Model development has been performed with 
much concern on the simplicity of the dynamic model for promoting smaller execution time. Use of 
implicit equations where iterations are required in order to find the solution is omitted in all places of the
model except for the flash calculations in the condenser. The model is validated by comparing the 
simulation results with pilot plant data found in the literature. The ability of the model to predict transient 
behavior of the plant after an excitation has also been analyzed.
    A summary of the model and model validation is given in section 2 and 3. Section 4 presents some 
dynamic simulations of the plant operation and conclusions from this work are given in section 5.
Nomenclature
Aw                           Inter-phase contact area                                                            m2 / m3
Cp                          Specific heat capacity                                                               J / mol·K
c                             Concentration                                                                            mol / m3
Habs, vap          Heat of absorption, heat of vaporization (negative value)        J / K
                          Liquid hold-up (liquid volume / total volume)                         -
hov                         Heat transfer coefficient (between phases)                              J / m2·K
genjtransj nn .. ,               Volumetric molar rate (inter-phase transfer, generation)        J / mol
T                           Temperature                                                                             K
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t                           Time                                                                                      s
u                          Velocity                                                                                 m / s
z                           Position in the tower                                                             m
2. Mathematical Model
The model consists of sub-models for the absorption and stripping towers included in an amine based 
CO2 capture plant. A process flow diagram of an amine based post combustion CO2 capture plant is given 
in Figure 1. The absorption column (Ab), and the stripping column (Str) coupled with a condenser (C) 
followed by a reflux drum (RD) and a re-boiler (RB) are included in the model. The rich-lean heat 
exchanger, amine cooler and the buffer tank are not modeled.
2.1. Column models
Column models are the models of the absorption tower and the stripping tower. The stripping tower 
model is developed as a combination of the condenser and the re-boiler models together with the column 
model for the stripper. Development of the column models is done with attention to the heat and mass 
transfer phenomena inside the packed towers (absorption and stripping columns are packed towers). The 
main model equations for the columns are the same for both the absorption tower and the stripping tower. 
Specie and energy balances of the liquid and vapor phases are the base for the development of the main 
model equations. Physics and thermodynamics for each of the phases and inter-phase heat and mass 
transfer are considered with assumptions for the development of the set of main model equations. 
Important model assumptions are summarized below.
Figure 1: Process flow diagram of a post combustion CO2 capture plant.
Stripping 
Column
Condenser
Re-boiler
Reflux
 Drum CO2
to the 
compressorReflux
 Stream
Absorption
 Column
Rich-lean heat 
exchanger
Amine 
Cooler
Buffer Tank
Rich AmineExhaust from the Power Plant
Cleaned Gas
Lean Amine
 Sanoja A Jayarathna et al. /  Energy Procedia  37 ( 2013 )  1760 – 1769 1763
 Each phase in a control volume of the spatially discretized model behaves as a continuous stirred tank 
(CST)
 Ideal gas phase and ideal liquid phase
 Inter-phase mass transfer of N2 and O2 are neglected
 Only the reactions in the liquid phase are of importance
 Linear pressure drop along the columns
 The packing height of the columns are considered
 Constant volume flow of vapor and liquid is assumed
 Heat loss to the surroundings is neglected
The set of equations used in common for the columns (Col=Ab, Str) are given below. When the 
discretized volumes go to zero:
Here the eqs. 1 and 2, and 3 and 4 represent the rate of change of specie concentrations and 
temperature of the liquid and vapor phases inside the towers, respectively. Only the main reaction 
between CO2 and MEA, which is given by reaction R1, is considered for computing the rate of specie 
generation.
    )1(22 RMEACOOMEAHMEACO
 
Here MEAH+ is the protonated MEA and MEACOO- is the carbamate ion formed by the reaction. The 
reflux flow, which enters the column in the first control volume from the top of the stripping tower, 
introduces the following changes (given by eqs. 5 and 6) into eqs. 1 and 3 (once the model is discretized).
Here lu1 and 
lu2 are the velocities of the amine flow from the absorption tower and the reflux flow from 
the reflux drum. Concentrations lic 1, and 
l
ic 2, represent the concentrations of the rich amine leaving the 
absorption tower and the reflux stream, respectively. Temperatures lT1 and 
lT2 are correspondent to the 
rich amine flow and the reflux flow at the inlet to the stripping tower.
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The MEA solvent system is considered for analysis, and the thermodynamic and physical parameters are 
given accordingly. The interfacial mass transfer, reaction kinetics, and phase equilibrium formulations 
used are the same as presented by Jayarathna et al. [3].
2.2. Condenser and re-boiler models
The condenser of the stripping column is modeled with a reflux drum to hold the liquid until it is 
refluxed. A flash calculation is performed (the feed stream to the condenser is flashed at constant pressure 
and temperature) in the condenser to find the liquid and vapor fractions leaving the condenser and their 
compositions. The liquid and vapor flows leaving the condenser enter the reflux drum, and the gas flow 
mainly with CO2 leaves for the compressor.
The reflux drum is assumed to have constant cross sectional area. The temperature inside the drum and 
the liquid phase density (which is dominated by water) are also assumed to be constants. An overall mass 
balance and specie balances are performed for the liquid phase inside the tank in order to find the rate of 
change of the liquid height and the liquid phase composition (given by eqs. 7 and 8).
Here l inRDm , is the mass flow rate of liquid into the reflux drum, which is found from the molar flow
into the reflux drum: l inRDm , = 
l
inRDin ,, Mi) where Mi is the molar mass of specie i. Liquid height, specie 
concentration, liquid density and cross sectional area of the reflux drum are given by lRDH , 
l
RDic . , 
l and
ARD. Liquid height of the reflux drum is controlled between an upper and a lower boundary by 
manipulating the flow rate of the liquid leaving the reflux drum ( lRDV ). When the liquid phase 
composition and the mass flow rate from the reflux drum are known, the conditions of the reflux stream 
are known.
The re-boiler is modeled using a fixed vapor to feed fraction. Ideal temperature and pressure control in 
the re-boiler is assumed. The re-boiler heat duty ( RBQ ) is calculated using:    
 the energy required to heat up the feed ( RB
l
p
l
inRB Tcm ˆ, ),
 energy required to generate vapor from the feed ( 	 
~ ,. iVapvRBi Hn  ), and
 heat of desorption of CO2 ( abH ), which leads to eq. 9,
where TRB= TRB -  TlRB,in.  The feed flow into the re-boiler, specific heat capacity of the liquid and the 
molar rate of vapor leaving the re-boiler are given by l inRBm , , 
l
pcˆ and  
v
RBin . .    
2.3. Physical properties and other parameters
Physical properties and other parameters are introduced to the model either as correlations or constant 
values found in the literature, or else using well known calculation methods. Important literature sources 
used of this work are Elliot et al. [9], Hanley et al. [10], Hoff et al. [11], Incropera et al. [12], Jamal et al. 
[13], Kohl et al. [14], Onda et al. [15], Perry et al. [16], Poling et al. [17], Versteeg et al. [18] and 
Weiland et al. [19].
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2.4. Numerical method
The model is implemented in MATLAB and the solver ODE15s is used to solve the set of differential 
and algebraic equations. Each tower model is discretized into 50 control volumes using the method of 
lines. The 50 control volumes are of uniform size.
3. Model Validation
The mathematical model is validated with use of a comparison between the model predictions and 
literature data. The literature data are taken from a Pilot Plant Study conducted by the University of 
Texas, Austin, USA [[20], [21]]. Seven different pilot plant cases (case 25, case 28, case 30, case 32, case 
36, case 40, case 43) representing different plant operating conditions are used for model validation. Input 
values used together with the model predictions and the literature data are given in Table 1. Model 
predictions have shown a satisfactory agreement with the experiments.
Table 1. Inputs and predictions of the pilot plant simulations [[20], [21]]
Case no: 25 28 30 32 36 40 43
Lean amine temperature [K] 313 313 313 314 313 313 313
Absorber inlet gas temperature [K] 328 321 325 320 326 329 327
Lean amine CO2 loading 0.278 0.29 0.284 0.279 0.284 0.229 0.231
YCO2 0.166 0.165 0.166 0.177 0.175 0.168 0.160
Amine rate [L/min] 104.1 82.1 54.9 40.7 42.8 83.1 39.4
Absorber gas rate [m3/min] 11.00 11.00 11.00 5.50 5.62 11.00 11.00
Re-boiler temperature [K] 390 393 394 401 398 393 391
Rich amine temperature [K] 342 346 349 359 358 347 353
Rich CO2 loading Experimental 0.386 0.412 0.453 0.428 0.425 0.371 0.491
Predicted 0.396 0.425 0.448 0.444 0.442 0.371 0.454
Lean CO2 loading Experimental 0.277 0.282 0.280 0.272 0.279 0.227 0.230
Predicted 0.273 0.271 0.281 0.278 0.284 0.221 0.233
CO2 removal efficiency [%] Experimental 93 86 70 95 95 94 72
Predicted 83 83 67 94 96 90 69
Re-boiler duty [kW] Experimental 469 366 255 152 155 410 210
Predicted 444 342 244 153 154 368 202
yCO2 = Mole fraction of CO2 in the inlet gas.
Predictions of the temperature profiles inside the absorption and stripping towers are given in the 
Figures 2 and 3, and the parity plots of rich CO2 loading, lean CO2 loading, CO2 removal efficiency and 
the re-boiler duty are given in Figure 4. Temperature profiles predicted have shown a good agreement 
with the experimental data point used from the pilot plant study. According to the parity plots rich CO2
loadings and the removal efficiencies are predicted close to the experimental data except for one pilot 
plant case used in the validation study. For all the pilot plant cases used, good agreement between the 
predictions and the experimental data for the lean CO2 loading and re-boiler heat duty can be seen by the 
parity plots.
1766   Sanoja A Jayarathna et al. /  Energy Procedia  37 ( 2013 )  1760 – 1769 
Figure 3: Predicted temperature profiles for the stripping tower. The solid lines (—) are the liquid phase profiles; dash-dot-dash 
lines (-.-) are the vapor phase profiles; markers (*) are the experimental data.
340 360 380 400
-2
0
2
4
6
8
10
P
ac
ki
ng
he
ig
ht
[m
]
Case 25
340 360 380 400
-2
0
2
4
6
8
10 Case 28
340 360 380 400
-2
0
2
4
6
8
10 Case 30
360 380 400
-2
0
2
4
6
8
10 Case 32
340 360 380 400
-2
0
2
4
6
8
10
Temperature [K]
Case 36
340 360 380 400
-2
0
2
4
6
8
10 Case 43
Figure 2: Predicted temperature profiles for the absorption tower. The solid lines (—) are the liquid phase profiles; dash-dot-dash 
lines (-.-) are the vapor phase profiles; markers (*) are the experimental data.
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4.   Dynamic Analysis
A dynamic simulation was performed using the steady state results from the Pilot Plant Case 32 as the 
initial values, to check the prediction capability of the transient conditions by the developed model. A 
gradual increase of the flue gas rate to the absorption tower was introduced after 5 minutes of steady state 
operation, which is a possible scenario in a real plant operation. The molar flow rate of the gas entering to 
the absorber was changed from 3.52 mol/s to 5.52 mol/s (~ 57%) in five minutes. 
The transient behavior of the CO2 loading value in the liquid stream leaving the absorption tower (the rich 
loading value) to a new steady state value is shown in Figure 5-(a). As the CO2 entering rate into the 
absorber has increased the amount of CO2 absorbed into the amine has also increased. Higher amount of 
CO2 entering the amine stream has resulted in a higher rich loading value compared to the initial 
conditions. 
Due to the increased amount of CO2 in the rich amine solution after the alteration in the inlet gas rate into 
the absorption tower, the CO2 loading in the lean amine stream has also increased as a direct effect. The 
vapor fraction of the re-boiler was increased after 15 minutes from the first excitation to re-assure the 
required lean loading value in the amine stream leaving the stripping column. The change in the lean 
loading during the process is shown in Figure 5-(b).
Figure 5-(c) shows the change in the CO2 removal efficiency with time due to the increased flue gas rate. 
The constant amine flow rate and the reduced contact time between the phases have acted as limitations 
on the absorption rate of CO2, which in return have reduced the removal efficiency.
Figure 5-(d) shows the change in the re-boiler duty with time due to the change in the gas rate in the 
absorber followed by the change in the vapor fraction in the re-boiler. A drop in the re-boiler duty is 
observed after the first excitation. A possible reason for this is the reduced specific heat capacity of the 
amine stream due to the increased content of CO2. A sudden increase in the heat duty can be seen after 
increasing the vapor fraction in the re-boiler. The increased heat demand for producing more vapor can be 
pointed out as the explanation for this observation.
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Figure 4: Parity plots for the simulated and experimental values of rich CO2 loading lean CO2 loading, CO2 removal efficiency and 
the re-boiler heat duty.  
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5. Conclusions
A good dynamic model provides the possibility to study the effect of various disturbances on the 
operating conditions of a plant and to apply improvements. Further, a dynamic model is useful for 
implementing a control system for the plant and to perform optimization. Development of dynamic 
models is vital for the understanding and improvement of the CO2 capture process.
A dynamic simulation model for a post combustion CO2 capture plant by combining the absorption 
and stripping tower models has been developed in order to predict the transient conditions during various 
operating scenarios. The simplicity of the model has been maintained by use of simple models such as the 
Kent-Eisenberg model. 
The steady state results from the simulation of the plant model have shown acceptable accordance with 
the pilot plant data from the Separations Research Program at the University of Texas at Austin, which is 
considered as a validation step of the model.  
A simulation is performed to analyze the model predictions under varying operating conditions. The 
flue gas rate into the absorption tower was changed and later on the vapor fraction of the re-boiler was 
changed in order to cope with the effects from the first alteration. The model predictions of the transient 
conditions seem reasonable. 
Further validation of the model will be performed by comparing it with the behavior of a real plant
(dynamic data). This is not included in the current work due to the limitation in available data. The model 
will be expanded to cover the whole CO2 capture plant, which can be used for developing a control 
system for the capture process or in tasks like state estimation. 
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Figure 5: Results from the dynamic analysis. (a). rate of change of rich CO2 loading with time; (b). rate of change of lean 
CO2 loading with time; (c). rate of change of removal efficiency with time; (d). rate of change of re-boiler heat duty with 
time.
0 10 20 30 40
0.44
0.45
0.46
(a)
Time [min]R
ic
h
lo
ad
in
g
[n
C
O
2/
n M
E
A]
0 10 20 30 40
0.275
0.28
0.285
(b)
Time [min]L
ea
n
lo
ad
in
g
[n
C
O
2/
n M
E
A]
0 10 20 30 40
60
80
100
(c)
Time [min]
E
ff
ic
ie
nc
y
[%
]
0 10 20 30 40
152
153
154
155
(d)
H
ea
t
du
ty
[k
W
]
Time [min]
 Sanoja A Jayarathna et al. /  Energy Procedia  37 ( 2013 )  1760 – 1769 1769
References
[1] Kvamsdal HM, Jakobsen JP, Hoff KA. Dynamic modeling and simulation of a CO2 absorber column for post-combustion 
CO2 capture. Chem. Eng. and Processing 2009; 48: 135–144 .
[2] Lawal A, Wang M, Stephenson P, Yeung H. Dynamic modeling of CO2 absorption for post combustion capture in coal-fired 
power plants. Fuel 2009; 88: 2455–62.
[3] Jayarathna SA, Lie B, Melaaen MC. NEQ rate based modeling of an absorption column for post combustion CO2 capturing. 
Energy Procedia 2011; 4: 1797–804 .
[4] Lawal A, Wang M, Stephenson P, Koumpouras G, Yeung H. Dynamic Modelling and Analysis of Post-Combustion CO2
Chemical Absorption Process for Coal-fired Power Plants. Fuel 2010; 89: 2791–801.
[5] Prölß K, Tummescheit H, Velut S, Åkesson J. Dynamic model of a post combustion absorption unit for use in a non-linear 
model predictive control scheme. Energy Procedia 2011; 4: 2620–27.   
[6] Biliyok C, Lawal A, Wang M, Seibert F. Dynamic modelling, validation and analysis of post-combustion chemical 
absorption CO2 capture plant. Int. Journal of Greenhouse Gas Control 2012; doi:10.1016/j.ijggc.2012.05.001; 9: 428–45 .
[7] Kent RL, Eisenberg B. Better Data for Amine Treating. Hydrocarbon Processing 1976; 87–90.
[8] Hessen ET, Haug-Warberg T, Svendsen HF. The refined e-NRTL model applied to CO2-H2O-alkanolamine systems. 
Chemical Engineering Science 2010; 65: 3638–48.
[9] Elliott JR, Lira CT. Indroductory chemical engineering thermodynamics. London: Prentice-Hall; 1998.
[10] Hanley B, Chen CC. New mass-transfer correlations for packed towers. AIChe Journal 2012; doi: 10.1002/aic. 12574; 58:
132–52.
[11] Hoff KA. Modeling and experimental study of carbon dioxide absorption in a membrane contactor. Ph.D. dissertation.
Norway: NTNU; 2003. 
[12] Incropera TP, Dewitt DP, Bergman TL, Lavine AS. Fundamentals of Heat and Mass transfer. 6th ed. USA: John Wiley & 
Sons; 2007. 
[13] Jamal A, Meisen A, Lim CJ. Kinetics of carbon dioxide absorption and desorption in aqueous akanolamine solutions using 
a novel hemispherical contactor-11: Experimental results and parameter estimation. Chem. Eng. Sci. 2006; 61: 6590–603.
[14] Kohl A, Nielsen R. Gas purification. 5th  ed. Houston: Gulf; 1997.
[15] Onda K, Takeuchi H, Okumoto Y. Mass transfer coefficients between gas and liquid phases in packed columns. J. Chem. 
Eng. Jap. 1968; 1: 56–62.
[16] Perry RH, Green DW. Chemical Engineers Handbook. 7th ed. New York: McGraw-Hill; 1999.
[17] Poling BE, Prausnitz JM, O’Connell JP. The properties of gases and liquids. 5th ed. New York: McGraw-Hill; 2001.
[18] Versteeg GF, Van Swaaij WPM. Solubility and diffusivity of acid gases (CO2, N2O) in aqueous alkanolamine solutions. J. 
Chem. Eng. Data 1988; 33: 29–34.
[19] Weiland RH, Dingman JC, Cronin DB, Browning GJ. Density and viscosity of some partially carbonated aqueous 
alkanolamine solutions and their blends. J. Chem. Eng. Data 1998; 43: 378–82.
[20] Dugas RE. Pilot plant study of carbon dioxide capture by aqueous monoethanolamine. Revision of MSE thesis. Austin: 
Texas Univ.; 2006.  
[21] Zhang Y, Chen H, Chen C, Plaza JM, Dugas R, Rochelle GT. Rate-based process modeling study of CO2 capture with 
aqueous monoethanolamine solution. Industrial and Engineering Chemistry Research 2009; 48: 9233–46.  
